The compression tests were conducted on four Zr-based bulk metallic glasses (BMGs) with different Nb contents. The results show that the addition of few percent Nb did not change the mechanical property. At 77 K, the strength increased notably without embrittlement. Furthermore, it is suggested that the normalized strength changes linearly with the normalized temperature. Current results provided important evidences that BMGs have a great application perspective at cryogenic temperatures. In addition, it is found that at ambient temperature, the BMGs do not exhibit strain rate sensitivity. However, the strength is dependent on the strain rate at high and cryogenic temperatures.
Introduction
Due to the lack of long-range crystalline order, the bulk metallic glasses (BMGs) combine the outstanding mechanical properties of metals with the processing flexibility of glasses. They have been demonstrated to have super-high strength, large elastic limit, good resistence to corrosion, and great fatigue property. [1] [2] [3] [4] [5] A combination of many unique properties makes amorphous alloys excellent candidates as engineering materials with an important application potential. As a result, BMGs have been the subject of numerous studies over the past two decades. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] As far as mechanical property is concerned, to date, the reported results are generally limited to mechanical tests at room temperature or above. [9] [10] [11] [12] The results regarding mechanical property of the BMGs at cryogenic temperatures are quite limited thus far, which is the driving force of the present study. It is worth mentioning that in the Fifth International Conference on Bulk Metallic Glasses (held in Japan, Oct., 2006), studies concerning the cryogenic behaviors of BMGs start to spark extensive interests.
Experimental Procedures
The monolithic amorphous Zr-based alloys [(Zr 58 Ni 13:6 -Cu 18 Al 10:4 ) 1Àx Nb x , x ¼ 0-4, at%] were fabricated using the arc melting and drop casting technique under a purified argon atmosphere. The microstructure was characterized using the x-ray diffraction technique. The specimens used for compression tests are cylindrical, with a diameter and length of about 3 mm and 6 mm, respectively. Before testing, the sample ends were polished to ensure that they are flat and normal to the loading axis. The compression test was performed at temperatures of 300 and 77 K within a strain rate range of 10 À1 -10 À5 s À1 . The fracture surfaces were examined via the scanning electron microscopy (SEM).
Results and Discussion
The x-ray diffraction results certified that all the as-cast ingots with different Nb contents had a fully amorphous microstructure, indicating that a slight change in the Nb concentration does not change the glass formability significantly. Figure 1 presents the compressive stress-strain curves of four alloys tested at a nominal strain rate of 2 Â 10 À4 s À1 at 300 K. It is obvious that all four BMGs exhibited the similar mechanical behaviors: absence of strain hardening, high strength of about 1800 MPa, and low global plasticity less than 1% in the plastic strain. Furthermore, it is disclosed that an addition of 1-4% Nb element did not have an observable influence on mechanical properties. This phenomenon is dramatically different from what has been observed in crystalline materials, where an addition of few percent alloying elements could lead to a significant strength gain. 13) It is worth pointing out that the strain in Fig. 1 was measured according to the cross head displacement. Therefore, the slope of the elastic section of the curves cannot be used as the intrinsic Young's modulus. Figure 2 presents the compressive stress-strain curves of the specimens containing 1% Nb at 300 K and 77 K at a strain rate of 2 Â 10 À4 s À1 . The results clearly demonstrate that the mechanical strength increased remarkably at 77 K. Further calculation shows that the gain in the strength is about 200 MPa. Interestingly, accompanied with the strength rise, the plastic strain did not decrease at 77 K. Figure 3 shows the dependence of strength on the temperature. The literature results are from references. [14] [15] [16] [17] [18] [19] Note that in the vicinity of glass transition temperature, T g , the deformation of the BMGs becomes homogeneous. Accordingly, the data included in Fig. 3 are only those obtained at temperatures below T g . On the other hand, to avoid the possible effect of the strain rate, the data were chosen on the basis of similar strain rate level. Although different BMGs have different strengths, Young's moduli, and different glass transition temperatures, the analysis reveals that the normalized strength (=E) has the linear relationship with the normalized temperature (T=T g ):
where E is Young's modulus, T g is the glass transition temperature and T is the testing temperature. Since the E and T g are material constants, for any BMG, the strength increases with decreasing the temperature. Figure 4 summarizes the effect of strain rate on mechanical strength. Current results indicate that at 300 K, the strength is not sensitive to the strain rate, which is consistent with previous results. 12) However, at high and cryogenic temperatures, it is of interest that the BMGs exhibit strain rate sensitivity, which may be related to the thermally-activated process of shear band formation. It is worthy of noting that the data points at 77 K are less and further works are needed.
The dependence of strength on the temperature is tied to the deformation behavior of BMGs. It has been admitted that the plastic deformation in the BMGs is inhomogeneous at low temperatures, 1, 20) and the yielding starts with the shear band nucleation. Currently, it has been accepted that the nucleation of shear bands is associated with the excess free volume, and starts around the concentrated free volume region. [20] [21] [22] [23] In the as-cast metallic glasses, the quenching process can generate some nonequilibrium atomic scale free volumes. 24) In addition, the free volumes can also be created by the applied stresses. 25) The free volume concentration can result in the local increase in the inelastic strain and energy as well as the concentration of local shear stress. 21) So the initiation of shear localization is a thermally activated process. 26) At 77 K, not only the thermodynamic mobility of atoms, such as the frequency of atomic vibration, decreases, also the bond between atoms becomes stiffer. 27) Therefore, the free volume accumulation and creation induced by applied stress become more difficult. As a result, the nucleation of the shear bands requires higher applied stresses, leading to an increase in the yield strength at 77 K. Figure 5 illustrates the fracture surface of the specimens failed at 300 K and 77 K. It is obvious that the fracture morphology is independent of the testing temperature. In both cases, the fracture surface demonstrates a combination of two types of vein patterns. One is the void-like and the other is river mark-like. However, the shear band morphology could be affected by testing temperatures. 26, 28) 
Summary
The compressive testing was performed on four Zr-based metallic glasses at 300 K and 77 K. The following conclusions can be drawn from the current study:
(1) The addition of few percent Nb element did not affect the mechanical property. Fig. 4 The dependence of strength on strain rate at different temperatures.
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Temperature-Dependent Mechanical Property of Zr-Based Metallic Glasses 1753 ( 2) The strength of the metallic glasses increases with decreasing the temperature without a decrease in the plasticity. According to a collection of data, a linear relationship between the normalized strength and the normalized temperature (T=T g ) is suggested. (3) The mechanical strength is not dependent on the strain rate at ambient temperature, while it is sensitive to the strain rate at cryogenic and high temperatures. 
